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LiNi 0.5 Mn 0.5 O 2 is one of the promising positive electrode materials for large-scale lithium-ion batteries because of its high specific capacity ͑up to ϳ200 mAh/g͒, 1,2 thermal stability associated with redox-active Ni 2+ and inactive Mn 4+ , 3, 4 and low material cost. LiNi 0.5 Mn 0.5 O 2 crystallizes in the O3 layered structure ͑space group R3m͒, having typically ϳ10% interlayer mixing of Ni and Li ions ͑i.e., ϳ10% Ni in the Li layer and ϳ10% Li in the Ni layer 5 ͒, which is much greater than that of LiCoO 2 6 and LiCo 1/3 Ni 1/3 Mn 1/3 O 2 . 7 Previous studies 8 have shown that decreasing the interlayer mixing can increase the rate capability of LiNi 0.5 Mn 0.5 O 2 , which is attributed to faster Li diffusion with increasing layered character of LiNi 0.5 Mn 0.5 O 2 . More recently, researchers 9, 10 have shown that the rate capability of Li/LiNi 0.5 Mn 0.5 O 2 cells can be improved greatly by applying surface coatings such as AlF 3 . Although the physical origin is not understood fully, the coating influence has been attributed to the suppression of transition-metal dissolution and the reduction in the charge-transfer resistance of lithium cells. 9 In this article, we show that annealing of LiNi 0.5 Mn 0.5 O 2 at 700°C can significantly increase the rate capability of LiNi 0.5 Mn 0.5 O 2 at room and elevated temperatures. The influence of annealing on the bulk crystal structure and surface chemistry of LiNi 0.5 Mn 0.5 O 2 quenched from 1000°C is examined by X-ray diffraction ͑XRD͒ and X-ray photoelectron spectroscopy ͑XPS͒, respectively, which is related to the difference in the rate capability of quenched and annealed LiNi 0.5 Mn 0.5 O 2 .
Experimental
A quenched LiNi 0.5 Mn 0.5 O 2 sample was prepared by heating a stoichiometric mixture of Li 2 CO 3 and NiMnO 3 in air at 1000°C for 30 min, which was quenched to room temperature by pressing between two copper plates. An annealed sample was obtained by heating the quenched sample at 700°C in air for 12 h and then cooling slowly to room temperature. The as-prepared quenched and annealed LiNi 0.5 Mn 0.5 O 2 samples were examined by XRD using a Rigaku diffractometer equipped with a high power rotating copper anode. The Rietveld analysis was conducted using FullProf, 11 where the nominal stoichiometry was constrained and the detailed constraints used were described elsewhere. 12 The surface chemical compositions of the LiNi 0.5 Mn 0.5 O 2 samples were investigated by XPS using a Physical Electronics model 5400 spectrometer. The data were collected using nonmonochromatic Mg K␣ ͑1253.6 eV͒ X-ray source operating at 350 W ͑15 kV and 23 mA͒. The analyzed area was set to 1 ϫ 3.5 mm. The C 1s, O 1s, and Li 1s lines were deconvoluted using a Shirley-type background and a combined Gaussian-Lorentzian line shape, whereas the Mn and Ni 2p lines were deconvoluted using an asymmetric line shape. Other analysis details were described elsewhere. 13 LiNi 0.5 Mn 0.5 O 2 composite electrodes with 10 wt % poly͑vinylidene fluoride͒ and 10 wt % Super P carbon black were prepared for electrochemical measurements and details can be found in our previous work. 12 A two-electrode cell ͑Tomcell Co. Ltd., Type TJ-AC͒, having a lithium metal foil and a LiNi 0.5 Mn 0.5 O 2 composite electrode separated by two pieces of Celgard 2500, was assembled in an argon-filled glove box ͑oxygen and water levels less than 2.0 and 1.5 ppm, respectively͒. 1 M LiPF 6 dissolved in ethylene carbonate/dimethyl carbonate ͑3/7 by volume͒ ͑Kishida Chem. Co., Ltd.͒ was used as the electrolyte. Electrochemical measurements were carried out by using a Solartron 1470 battery testing unit at 30 and 55°C. The rate-capability data for the quenched and annealed samples were collected first from 1/25C ͑11.2 mA/g or ϳ0.04 mA/cm 2 ͒ and then to 8C ͑2240 mA/g or ϳ8.3 mA/cm 2 ͒, which were reproduced in multiple cells.
Results and Discussion
Although quenched and annealed LiNi 0.5 Mn 0.5 O 2 were found to have comparable specific discharge capacities at low rates, annealed LiNi 0.5 Mn 0.5 O 2 exhibited considerably higher specific capacities than quenched LiNi 0.5 Mn 0.5 O 2 at rates greater than 1C at 30°C, as shown in Fig. 1 . In particular, annealed LiNi 0.5 Mn 0.5 O 2 was shown to deliver ϳ120 mAh/g on discharge at 8C, which is much higher than quenched LiNi 0.5 Mn 0.5 O 2 having ϳ50 mAh/g at 30°C. Although it is very difficult to compare the rate capability data with those of the previous work in detail due to different C rate definitions, electrode thicknesses, electrode packing densities, etc., the rate capability of quenched LiNi 0.5 Mn 0.5 O 2 is higher than that of the quenched samples reported previously, 10 whereas the rate capability of annealed LiNi 0.5 Mn 0.5 O 2 generally compares well with that of state-of-the-art high rate LiNi 0.5 Mn 0.5 O 2 . 8, 9, 14, 15 The rate capability of annealed LiNi 0.5 Mn 0.5 O 2 was further increased significantly at 55°C, delivering ϳ180 mAh/g on discharge at 8C. In contrast, there was no significant increase in the rate capability of the quenched sample at 55°C. Moreover, annealed LiNi 0.5 Mn 0.5 O 2 showed an enhanced capacity retention upon cycling compared to quenched LiNi 0.5 Mn 0.5 O 2 , as shown in Fig. 2 . The discharge capacities of annealed LiNi 0.5 Mn 0.5 O 2 reached a steady-state value of ϳ190 mAh/g on discharge after 20 cycles to 4.6 V, which is comparable to the highest value reported previously. Table I . Correspondingly, in the O 1s region, the relative intensity of surface oxygen species such as surface terminated oxy- 24 after adjusting the spectrometer calibration to our scale and the weighted average of its double peak structure ͑855.4 eV͒ 25 and much lower than that of LiNiO 2 ͑856.0 eV͒, 26 it is concluded that surface Ni is present as Ni 2+ . In addition, the atomic Ni/Mn ratio of quenched ͑1.42͒ is higher than that of annealed ͑1.26͒ LiNi 0.5 Mn 0.5 O 2 , both of which are higher than the nominal value of 1, as shown in Table I 29 and growth of impeding films are expected to increase at higher testing temperatures.
Conclusions
We showed that an additional annealing step can significantly enhance the rate capability of LiNi 0. 5 
